A low-field nuclear magnetic resonance (NMR) instrument is an important tool for investigating a wide variety of samples under different conditions. In this paper, we describe a system constructed primarily with commercially available hardware and control software, capable of single-pulse NMR experiments. Details of the construction of the main B 0 magnet are also included. The operating frequency for demonstration is 460 kHz (10 mT), however, the range of the hardware spans 700 Hz (16 lT) to 25 MHz (0.6 T). Tip angle optimizations are used to find the most narrow usable pulse width for this configuration, and the T 1 of water is measured by single-pulse-saturation-recovery (SPSR) to demonstrate the potential for this system as a relaxometer. Discussions of resonator construction and efficiency, power requirements and programming strategies that would increase the utility of this system are also included. Construction of any low-field NMR system will depend on experimental interests, budget and engineering resources. A survey of other low-field NMR systems from the literature is included to aid the novice or experienced magnetic resonance scientist in consideration of how a low-field spectrometer could be constructed and used in the lab.
| INTRODUCTION
There are many instances where use of high magnetic field NMR is either unnecessary or impractical because of the cost and large instrument footprint. Low magnetic field NMR instruments (<1 T) are considerably less expensive to build or purchase and can be made portable for application to a greater variety of materials in a wide variety of environments. 1, 2 In ultra-low magnetic fields (<1 mT) magnetic susceptibility becomes a trivial issue as demonstrated by the collection of distortion free NMR/MRI through an aluminum can. 3 Many applications of low-field NMR have been reported in oil well logging, [4] [5] [6] food characterization, 7, 8 quality control 9 and medical imaging. [10] [11] [12] [13] [14] As commercially available arbitrary waveform generators (AWG's) and digitizers have become cheaper and more powerful, constructing a low-field NMR instrument has become feasible for laboratories without dedicated electrical engineering support. An additional benefit of low-field NMR systems is flexibility in B 0 magnet design. In many cases, simple electromagnets or small permanent magnets 15 are sufficient to generate the required fields. Magnetic fields <100 mT (4.26 MHz for 1 H) are well suited for extremely heterogeneous mixtures containing both liquids and solids. 16 Internal gradients are created by differences in liquid/solid susceptibility scale with main field strength, and are smaller in the low-field regime. Low-field magnet systems may be custom constructed for an application, such as the NMR-CUFF magnet built to study water movement through plant structures at 570 mT. 17 Over the last 20 years, home-built low-field NMR spectrometers have evolved from complete circuit board and spectrometer fabrication "in house" 18 to use of commercial digital components to produce streamlined, portable electronics packages. 19, 20 Digital quadrature detection schemes [21] [22] [23] introduced in early 2000's simplified instrument design by creating I and Q data from a single analog input. These systems have relied on a programming language, but another path for digital NMR (not confined only to low-field) are spectrometers based on field-programmable-gate-arrays (FPGA) technology. An initial "built from scratch" system was described in 2007 (OPENCORE NMR) 24 and recently a system constructed with commercially available FPGA has been reported. 25 In this study, we describe our own digital single-pulse NMR spectrometer which is intended to serve as the foundation of future experimental expansions and work in our group, including dynamic nuclear polarization (DNP) and imaging at field strengths <1 T. The system is based on a Peripheral component interconnect eXtensions for Instrumentation (PXI) architecture, which was chosen for its modularity and backplane triggering so that synchronization of different components is straightforward. An embedded controller containing the CPU, hard drive, Ethernet and peripheral ports removes the requirement for a separate computer system. We developed a magnetic resonance console and control program for single-pulse NMR experiments using commercial instrumentation control software. Design and characteristics of our B 0 magnet are included, and we discuss areas of improvement related to selection of power amplifier and software programming strategy that might help future researchers interested in constructing a low-field NMR system. Table 1 lists the specific components used in the instrument reported here. The PXI alliance is composed of over 55 different vendors with interoperability between >1500 units.
| INSTRUMENT DESIGN

| Computer control and programming
A diagram of the instrument is shown in Figure 1 . The chassis containing the embedded controller running an operating system and LabVIEW 2014 SP1 removes the need for an external computer. A programming flow chart is shown in Figure 2 . Parameter selections are pulse length, amplitude and working frequency (for AWG) and sample rate, number of points, digitizer sensitivity and trigger delay (for digitizer). The number of averages selected determines how many times the data collection loop is completed. When the last average is complete, all the data are collected and transferred to the embedded controller for data processing and output. While we chose LabVIEW to program this spectrometer, a similar flow could be constructed with Python or Matlab, using PyVISA or the instrument control toolbox, respectively. Alternatively, inexpensive commercial software (i.e. SpecMan4) developed for AWG-based electron paramagnetic resonance (EPR) spectrometers 26 could potentially be adopted for AWG-based low-field NMR spectrometers. Of the previous low-field spectrometers, which have been programmed with LabVIEW, 20, [27] [28] [29] only 27 attempted to describe the code on a case by case basis, and even then used simplified VI diagrams, which left some ambiguity. While we did emulate the data processing from, 19 other programming requirements were different because of the changes in the hardware we used, and removal of TTL control. The full description of the code underlying this spectrometer will be included in a separate article.
| Pulse generation
The arbitrary waveform generator (AWG) generates a pulse of a chosen duration and amplitude at the operating frequency determined by the user. In arbitrary waveform mode, the minimum number of points to define the sinusoid can be set to 4, resulting in a maximum operating frequency with this module of 25 MHz. The minimum operating frequency is 700 Hz. For initial demonstration of the system, data were collected at 460 kHz (10.8 mT), which corresponds to the maximum B 0 of the air-core (passive air cooling) electromagnet we tested the system with. Once a single sine wave corresponding to the operating frequency is created, it is looped a number of times to create the width of the pulse. The number of loops is dependent on the requested pulse width and the operating frequency, and the resolution in the time of the pulse width is 1/WF. Thus, the smallest pulse width step spans 1.4 ms (700 Hz) to 40 ns (25 MHz). The minimum number of loops for a rectangular pulse has been empirically determined to be seven (see section on tip angle optimization). The corresponding theoretical minimum pulse widths as a function of frequency correspond to 10 ms and 280 ns, for WF=700 Hz and 25 MHz, respectively.
Synchronization of the AWG and digitizer modules are done using the chassis backplane in the PXI unit. During the development phase, event markers at the start and end of the pulse could be sent out of the programmable function interface (PFI) lines on the front of the AWG module. These were useful for monitoring pulse-width fidelity during troubleshooting, and for initial triggering the digitizer to collect data. Event markers can be routed either through the backplane, or out the front programmable function input/output (PFI) lines, but not both simultaneously. 
| Transmit path
The AWG output was routed into a CW amplifier (Table 1 ) and the output of the CW amplifier was sent into the passive transmit-receive (T/R) switch rated to accept up to 2 kW of incident power. A quarter-wavelength lumpedelement plug-in determined the operating frequency of the T/R switch, built for a center frequency, AE20%. Isolation between transmit and receive paths was 30-40 dB. We measured the T/R switch required ca. 4 Vpp input for the full activation of the transmit path.
The TR switch and ¼ wavelength plug-ins are easily available by contacting the vendor (Table 1 ) with specifications for center frequency and power handling requirements. Alternatively, designs for passive and active T/R switches are available in the literature 30 for researchers wishing to complete the construction on their own.
| Resonator characterization
A solenoid was constructed of 50 turns of 405/44 Litz wire (8 cm long 9 6 cm i.d.). For low-frequency applications, Litz wire is preferred over solid copper wire as it gives Q-values 2-39 higher than the same construction with solid copper wire. 18, 23 The measured inductance (L H ) was 77 lH A parallel capacitance (C T ) of 1.6 nF was required to tune the resonator to 460 kHz (x=2.89 9 10 6 rad) and a series capacitance (C M ) of 130 pF was added to match to 50 Ohm. For the critically coupled resonator, Q=210. Resonator tune and match was assessed with a small 10 Hz to 40 MHz USB vector-network-analyzer (Table 1) . A Smith chart measurement was used to match the resonant circuit to 50 Ohm. An additional impedance adapter was used with the VNA to measure the coil inductance and resistance for calculating initial values of the C T and C M via Eqs 1 and 2, respectively.
Calculated values of C T and C M provided an adequate starting point, but small additional adjustment was always required to reach the final values for the desired frequency and matched to 50 Ohm. Circuit diagrams for solenoids and several other probe styles (saddle coil, AldermanGrant, etc.) are given in, 31 and the reader is directed to this text as a helpful resource for a deeper description of probe construction and interface with the spectrometer.
| Detection path
The signal from the receive port of the T/R switch was routed into a home-built low-noise pre-amplifier ( Figure 3 ). The pre-amplifier is constructed from two cascaded operational amplifiers (Table 1 , OPAMP 1 & 2). The first stage (OPAMP 1) is an ultra-low-noise wideband amplifier configured for a non-inverting gain of 50. This stage has low input voltage noise specified at 1.05nV per root Hz, and provides most of the amplification. The second stage (OPAMP 2) is a wideband variable gain amplifier whose gain can be set between 1.4 and 10. The 3 dB frequency for the combined amplifiers is 15.9 MHz when the total gain is 500 (54 dB) and 18.4 MHz when the gain is 70 (36.9 dB). The total gain can be continuously adjusted between these two limits to provide the exact gain required without significantly affecting the bandwidth. The amplifiers are powered from two 12V batteries to minimize the noise injected into the system. The gain setting of the second amplifier was set to 10 for these experiments, resulting in an overall +54 dB gain from the receive port of the T/R switch to the digitizer.
| Signal processing
The digitizer module collects the signal after amplification and is triggered by via the PXI backplane by a marker corresponding to the end of the pulse from the AWG. A trigger delay could be set to avoid collecting data during the ring-down time of the resonator. Typical values for the trigger delay were between 1 ms and 2 ms. Typical sampling parameters were 5 MS/s with 512 000 points collected. Spectral resolution is determined by the dividing the sampling rate by the number of points collected. The digitizer could collect up to 4 9 10 6 points before memory on the device was full, corresponding to a minimum spectral resolution of 1.25 Hz at 5 MS/s. Spectral resolution could be improved by reducing the sampling frequency, however, we restricted the minimum sampling frequency to 4 9 WF. Assuming the collection of the maximum number of data points (4 9 10 6 ), the available resolution would range from 3.1 Hz (12.5 MHz WF) to 0.7 mHz (700 Hz WF). The inhomogeneity of the B 0 for this system was such that fullwidth half-height values of 80 Hz were common with sample sizes 15-30 mL, so the 10 Hz resolution generated by our sampling conditions was sufficient. Apodization and zero-filling are commonly employed to improve spectral resolution. We elected not to routinely use either, thought we did program in an option for a factor of 29 zero-fill to maintain resolution while increasing acquisition speed. There are many interference signals present in a laboratory environment for spectrometers operating below 1 MHz. Along with studying the 1 H signal, we have chosen to keep track of the frequencies of interference signals in an effort to design better resonators or effective shielding. Thus, the lack of apodization in the software reflects our own preferences rather than limitations in the software or hardware.
| Magnet description and design
The magnet used was based on an 8th order coil design with four coils of equal diameter. A photograph of the magnet is shown in Figure 4 . The total resistance was 16 Ohm, and driven by a 1.2 kW power supply (200V/17 A, Table 1 ). The coil constant was measured to be 2.99 mT/ A. The maximum field based on full output of the power supply would be 37 mT, however, this magnet is currently only air-cooled so it is not operated above 11 mT. A sisterversion of this magnet design which does employ a waterjacket has recently been described for use with a pulsed Lband EPR spectrometer. 32 The design process for the magnet was as follows: A solution was found with a finite turns ratio between the two coil-pairs of 7/3. This solution for the infinitesimal coil case has nearly equal coil diameters. Next, the aspect ratio (number of turns per layer/number of layers) of each coil was adjusted in the finite coil solution until the two coilpairs were the same diameter. This design has the advantage that it provides a considerable access space at the end of the magnet. The equal coil sizes also reduce winding error in the following manner. Since all coils are the same diameter and have the same number of layers of wire, all coil forms were constructed with the same sides on a numerically controlled metal punch. Each coil was wound in exactly the same manner except that the two inner coils had twelve turns per layer and the two outer coils had 28 turns per layer. All coils were wound with the same No. 14 square copper wire. Thus, even though the mean diameters of the coils may not turn out to be exactly 40.6 cm, they are all essentially the same diameter, and adjustments in field uniformity can be made by adjusting coil spacing if necessary. The magnet is theoretically capable of producing a field of 10 mT that is uniform to within 30 nT over a sphere 10 cm in diameter (3 ppm).
The FWHH linewidth of a water sample in the magnet described here ranged from 80 Hz 
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At 10 mT T 1 %T 2 , and T 1 is on the order of "2 to 3 s", 28 giving an expected pure FWHH linewidth for water on the order of 0.3-0.5 Hz. The breadth of the measured signal is derived almost entirely from the inhomogeneity of the magnet, which is approximately 180 ppm for the largest samples, and 50 ppm for the smallest samples. It is worth noting that the measurement made this way does not account for any inhomogeneity contribution coming from the solenoid coil.
| RESULTS
| Display of collected data
A flow diagram of two data processing paths is given in Figure 5 . Raw data was digitized at a sample rate of 5 MS/s with 512 000 points collected to obtain a spectral resolution of 10 Hz and spectral width of 2.5 MHz. In path 1, the offset at zero voltage is removed from the raw data, and then the data is multiplied by the sine and cosine of the working frequency to generate digital quadrature I and Q data. 27 The real and imaginary components of the FID are Fast-Fourier-Transformed (FFT), digitally filtered (notch filter, 10 kHz) and then displayed as either FFTMagnitude ( Figure 6A ) or phase adjustable data (Figure 6B) . In both of these displays, interference frequencies resulting from the sources in the lab environment can be observed and avoided by adjusting the tuning of the resonator a few kHz and adjusting B 0 accordingly. Shielding can also be added to the resonator assembly to attenuate interfering signals.
In path 2, digital down-sampling and decimation (DDC), as described in 27 has been employed. The raw data is digitally filtered (bandpass 1.5 kHz, 8th order) before generation of digital quadrature as was done in path 1. Afterward the base-band digital I/Q channels are filtered (low pass, 500 Hz) since the FWHH of the signal is only 20-80 Hz (depending on sample size). This greatly reduces the amplitude of the noise ( Figure 6C ) but requires careful setting of the magnetic field so the signal frequency is at "0" on the display (proton precession frequency matches observe frequency). After the transform, the DDC data is displayed as the FFT-Magnitude.
The main goal for the authors in 27 was monitoring of the absolute polarization of laser-polarized 129 Xe, so the FFT-Magnitude display was sufficient, and the down-sampling and decimation works very well to focus on a narrow window around the sample. Since temperature changes at the sample can manifest as phase changes in the spectrum, we added the phased display to provide more information about our system. For both magnitude and phase displays, the FFT output has been configured to show where the signal is relative to the observe frequency (set to "0"). Negative or positive offsets from the "0" point indicate the Larmor precession frequency of the spins is faster (positive, B 0 set too high) or slower (negative, B 0 set too low) than the observe frequency. Thus, either the B 0 or observe frequency (within the bandwidth of the resonator) is adjusted so the signal is centered.
| Tip angle optimization
A tip angle optimization experiment is useful for affirming the actual nuclear resonance signal and differentiating from interference signals. The optimum spin vector tip angle is F I G U R E 4 Electromagnet used for experiments. The length of the magnet from one side to the other (coil 1 to coil 4) is 44.3 cm, and the aluminum positioning walls are 0.4 cm thick. The inner diameter is 37 cm. Gap widths within the magnet are denoted with letters, A (9.7 cm), B (6.8 cm) and C (9.7 cm). In this configuration, the positioning walls have been drilled into place after spacing adjustment to optimize field homogeneity dependent on the power incident on the resonator (via conversion of power to B 1 ) as given by Eq. 3
where h is equal to the tip angle in radians and c P =267. 513 9 10 6 rad s À1 T À1 . Typically, the desired tip angle is h=1.57 rad (p/2 pulse). Larger values of h=3.14 rad (p pulse) and h=4.71 rad (3p/2 pulse) require approximately two and three times as much B 1 , respectively.
Several tip angle optimizations at 460 kHz (10.8 mT) for pulse lengths of 10 ls to 100 ls are shown (Figure 7 ) for incident powers up to about 8 W. For p/2=100 ls, there is sufficient power to tip the spins by h=1.57 rad (90°), h=3.14 rad (180°), and h=2.71 rad (270°) (Figure 7A) . The power required for maximum signal increased by about 6 dB between p/2=100 ls and 50 ls, and again between p/2=50 ls and 25 ls (Figure 7B ). At 10 ls pulse length, the optimum power for a 90°tip angle is not realized, even though an amplitude maximum is observed for p/2=20 ls ( Figure 7C ). Based on the power for maximum signal when p/2=20 ls, the p/2=10 ls pulse should show a maximum near 1.8 W À1/2 (~3.3 W). As the inverse of the working frequency of 460 kHz is 2.2 ls, a 10 ls pulse is only comprised of five loops of the 460 kHz sine wave. This could be insufficient to produce an actual "square" pulse at the solenoid. Tip angle optimizations between 10 and 25 ls allowed us to empirically determine that at least 7 loop counts were required, corresponding to a minimum p/2=15 ls at 460 kHz.
| T 1 by single-pulse-saturation-recovery
When a single p/2 pulse is repeated N times, the signal amplitude will be dependent on T 1 and the repetition time. 33 By varying the repetition time (200 ms-10 s) for each experiment (N=20), we generate the curve shown in Figure 8 for a sample of DI water. Five preparatory pulses precede each experiment where the resulting signal amplitude is not collected. These preparatory pulses ensure that the signal measured for the N=20 experiments have reached an equilibrium value. With an acquisition time of 100 ms and N=20, each data point took about 2 s to collect. Data for the saturation recovery curve was extracted by integrating over a window of 100 Hz centered on the resonance peak. Data points were fit with the software listed in Table 1 , using Eq. 4.
Where M Z is the magnetization along the z-axis, M Z 0 the equilibrium magnetization, and R 1 =1/T 1. In all cases, deviation was calculated for the 95% confidence interval. A fit of the data yielded T 1 =2.33AE0.25 s with R 2 >0.99 at a temperature of 24°C.
In general, the T 1 of water protons in the low and ultra-low-field regimes is "between 2 and 3 s." 28 A T 1 =2.4 s at 25°C (read from Figure 4 ) was reported for water, nearly independent of the field for frequencies below 10 MHz. 35 The water measured in 35 was only described as "pure water," whereas the sample measured here was DI water from our lab. Nonetheless, the measurements are in surprisingly good agreement. A measurement at 2.13 kHz and 37°C yielded T 1 =3.27AE0.15 s in Earth's magnetic field (50 lT). The difference between the measurements in the low-field and ultra-lowfield cases is likely because of the different temperature each measurement was made under. The relaxation rate of water protons relative to temperature has been described by Eq. 5
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where A 1 =6.7 9 10 À10 , E 1 =4.45 9 10 4 , A 2 =7.02 9 10
À4
and E 2 =1.49 9 10 4 . From Eq. 5, predicted values of T 1 for 25 and 37°C are 3 and 4 s, respectively. The description of T 1 vs. temperature in Eq. 5 lacks any field dependence and will over estimate T 1 for low-field data, however, the ratio of relaxation times is still informative. From Eq. 5, T 1(37C) / T 1(25C) =1.33, compared with 1.36 or 1.40 when T 1 at 2.13 kHz is compared with the measurements in 35 or our measurements at 450 kHz, respectively. One drawback to the SPSR method is that the minimum useful repetition time is determined by the acquisition time. The smallest acquisition time is determined by the minimum required resolution. Zero-filling offers some remedy to this while recovering some resolution at faster acquisition times, and has been added for this purpose. The SPSR technique will continue to be developed with other samples than just water, to more fully characterize the strengths and limitations of the technique.
| DISCUSSION
| Homogeneity of low B 0 fields
A common misconception about low-field NMR is that chemical information (J-coupling) cannot be extracted from the inhomogeneous magnetic fields. J-coupling information has been extracted from the petroleum samples at fields of 2.3-70 mT (100 kHz-3 MHz) by converting the scalar couplings into amplitude modulation of a CPMG echo train. 37 Magnetic fields may also be "shaped" by passive devices (i.e. Lenz lenses) to improve flux or homogeneity at the sample. 38 The "tree-hugger" NMR reported a magnet homogeneity of 2000 ppm at 1 MHz, which is the F I G U R E 7 Tip angle optimizations for various p/2 pulse lengths at 460 kHz. Tip angle experiments were carried out for pulse lengths of 100 ls ( ), 50 ls ( ), 25 ls ( ) and 15 ls ( ) and 10 ls ( ). The amplitude of the signal is plotted versus power applied to the resonator. Maxima are expected for h=1.57 rad (90°) and h=2.71 rad (270°), and a minima is expected for h=3.14 rad (180°), according to Eq. 3. The dashed lines drawn through each data point are only an aid to guide the eye [Colour figure can be viewed at wileyonlinelibrary.com] equivalent of 100 ppm or 20 ppm at 20 MHz and 100 MHz, respectively. 39 The "NMR-Cuff" magnet, a Halbach array, as constructed or use at 0.57 T and had an initial homogeneity of 200 ppm that was improved to 50 ppm with addition of a few iron plates. 17 With the current single-pulse programming, we are restricted to passive shims for improving B 0 homogeneity. However, the AWG described here has an available "scripting" function which could allow programming of the modified CPMG sequences such as those used in. 37 Alternatively, a smaller magnet could be designed with better innate homogeneity, which would also contribute to overall portability of the unit.
| Selection of power amplifier
A piece of the system where one could improve portability and reduce cost is in selection of the power amplifier. The power amplifier used with this system is large and bulky with a maximum output of 150 W. Power is expensive, so the question of how much power is needed is an important one. Our attempt at answering the question started with determining the efficiency of our resonator from the tipangle curves in Figure 7 . The resonator efficiency in units of B 1 /√W (Table 2) is given for the Litz wire resonator used with this system at 460 kHz. From these calculations, the average resonator efficiency for a p/2 pulse is 300 lT√W. Next, the required B 1 for p/2 pulse with widths from 10 -500 ls was calculated, and converted into required power at the resonator using the resonator efficiency, and considering 1 H and 13 C nuclei. These calculations are shown in Figure 9 as points, with a line included to help guide the eye. It can be seen that a lower power amplifier (≤10 W) would be sufficient for p/2 pulse for a 1 H nuclei. However, the smaller gyromagnetic ratio of 13 C necessitates much larger incident powers. To ensure the flexibility to observe multiple nuclei on our system, a higher power amplifier was chosen. If the system was only to be used for 1 H resonance, a lower power amplifier could be selected at a greatly reduced cost. For example, a 200 W amplifier with frequency coverage from 10 MHz and below may retail for ca. $14 000 while a 25 W amplifier covering a wider frequency range might cost only $3000.
| Survey of previously constructed lowfield systems
Saam and Conradi designed and constructed the hardware for a pulse generator, Q switch and pre-amplifier for a spectrometer operating from 30-250 kHz 18 to monitor the hyperpolarization of 3 He. The cost of the components for the system was only $500. Not included in this number was the considerable electrical engineering ability required or the oscilloscope to record the signal. The spectrometer was designed to work in single shot mode, so there was also no software development. Raoof and co-workers reported a digital MRI operating at 4.3 MHz (100 mT) 40 with external cards connected to a PCI Bus and then to the PC. The upper limit of operation was 12.5 MHz, based on the upper limit of the ADC card. In 2002, LabVIEW control was reported for a low-field MRI at 8.9 MHz (210 mT). 29 In this case, NI cards in the stand alone PC and
LabVIEW were used to control separate external frequency synthesizing and pulse shaping units. Analog quadrature detection (two channels into digitizer) was still employed, despite the demonstration of digital quadrature (a single physical channel into digitizer) three years earlier. 22 Digital quadrature was used in 2005 for a MRI system operating at 12.77 MHz (300 mT). 41 Pulse control required two cards, a pulse generator and a DDS, connected to a F I G U R E 9 Plot of power required for p/2 pulse. Based on the efficiency of the Litz resonator, the calculated power requirements for p/2 pulses from 10 ls to 500 ls are plotted for 1 H (blue line) and 13 
C (red line)
F I G U R E 8 T 1 by single-pulse-saturation-recovery. Each data point was collected with a p/2=25 ls pulse, N=20, with a 2.6 ms delay to allow for resonator ringdown personal computer. Also connected to the PC were the digitizer card, and a DAC for controlling gradient amplifiers. The boards employed were not commercially available, but built up out of different commercially available microchips arranged onto printed circuit boards. Control of the instrument was performed using the Delphi software in a Windows environment. A LabVIEW system was reported in a series of papers and conference proceedings from 2006-2011. 23, 27, 42 This spectrometer still used a standalone PC, but the system shed many external analog components, and relied on a single AWG (NI 5411) and digitizer card (NI 5911). The duplexer required a TTL signal from the 5411 board to blank the receive channel during the application of the high power pulse, and then activate the receive path when the pulse was over. This required the design and construction of the switch circuit and additional programming of the AWG card. The closest attempt at a LabVIEW PXI NMR system was for a CW-NMR 20 in a MXI format (no embedded controller). For our digital NMR PXI system, we removed the need for TTL signaling and shifted control of pulse formation to the AWG. Shifting the pulse control to the AWG was not trivial, but allowed us to push down to useable pulse widths in the 25-50 ls ranges, as demonstrated by the tip angle experiments, compared with longer pulse sequences used from 800 ls-1 ms in. 27 The majority of the instrument components are available commercially. For the three component not obtained commercially (resonator, B 0 magnet and pre-amplifier), we have provided detailed information on the design and construction. We have also demonstrated that T 1 measurements can be collected with the SPSR experiments, and so indicating the system could be used for T 1 relaxometry. We have so far collected preliminary data on standard solutions used in the creation of MRI phantoms ranging with values of T 1 ranging from 200 ms up to 3 s. Continued development of SPSR T 1 relaxometry will be one of the applications on this unit. The system described here retails for about $20 000 for the chassis, embedded controller, AWG and Digitizer. Both the AWG and digitizer are 14-bit and 100 MS/s, allowing operation up to 25 MHz (600 mT). This wide range is interesting for our group for NMR dispersion measurements and DNP applications, but may be beyond the needs of other groups who wish to focus on a narrower field/frequency range. Cutting the operational range of the instrument (tighter specifications on AWG and digitizer) substantially reduces cost. The chassis we use is intended for portability, and a cheaper option for chassis could be something like the MXI-Express chassis, which interfaces to a desktop for software control. Thus, a stationary system (electronics hardware) operating up to 12.5 MHz could reduce the cost to about $10 000.
| Future system development
The system presented here could be used to monitor polarization buildup in hyperpolarized nuclei such as 129 Xe 27 as has been done with previously reported systems. Hardware and software modifications are currently under construction to add the dynamic nuclear polarization (DNP) capabilities to the instrument. Upgrading the chassis to 8-ports, and including three voltage control devices for X-, Y-, and Z-gradients, could theoretically transform the system into an imaging unit. At least two other low-field MRI units have been described in the literature with Lab-VIEW control 43 ,44 but we have not been able to find any detailed explanation of the programming flow. This could be at least in part derived from the increased coding challenge for a MRI spectrometer. One potential powerful programming feature we have not explored with the AWG is scripting, which could facilitate traditional multi-pulse (IR and spin echo) sequences and would certainly be required for expansion of the base unit into an imaging instrument.
| SUMMARY
We have presented a digital low-field NMR system comprised of a minimum number of off-the-shelf components, which is straightforward to construct and operated with a home-built LabVIEW program. The core of the system, the AWG and digitizer, is a common architecture in both commercial systems as well as some recent home-built systems described in the literature. 19, 23, 27, 42 We sought to provide a detailed description of our system, including: electronics used (both commercial and home-built), programming flow, design and construction of the magnet, magnet homogeneity, demonstration of SPSR, resonator construction and RF amplifier requirements. We have included comments on improvements which could be realized in this system, such as a software redesign with the scripting function, and further use of zero-filling and implementation of apodizaiton. By highlighting other low-field digital NMR systems in the literature, we provide a wider context to the reader interested in low-field NMR instrumentation. We are currently preparing a separate manuscript detailing the programming of the LabVIEW software to run the instrument. At any time, readers with questions on the hardware or design, or who have questions regarding the control program are encouraged to contact the corresponding author.
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